In high-energy collisions, the spatio-temporal size of the particle production region can be measured using the Bose-Einstein correlations of identical bosons at low relative momentum. The source radii are typically extracted using two-pion correlations, and characterize the system at the last stage of interaction, called kinetic freeze-out. In low-multiplicity collisions, unlike in high-multiplicity collisions, two-pion correlations are substantially altered by background correlations, e.g. mini-jets. Such correlations can be suppressed using three-pion cumulant correlations. We present the first measurements of the size of the system at freeze-out extracted from three-pion cumulant correlations in pp, p-Pb and Pb-Pb collisions at the LHC with ALICE. At similar multiplicity, the invariant radii extracted in p-Pb collisions are found to be 5-15% larger than those in pp, while those in Pb-Pb are 35-55% larger than those in p-Pb. Our measurements disfavor models which incorporate substantially stronger collective expansion in p-Pb as compared to pp collisions at similar multiplicity.
Introduction
The role of initial and final-state effects in interpreting differences between Pb-Pb and pp collisions is expected to be clarified with p-Pb collisions [1] . However, the results obtained from p-Pb collisions at √ s NN = 5.02 TeV [2-10] have not been conclusive since they can be explained assuming either a hydrodynamic phase during the evolution of the system [11] [12] [13] or the formation of a Color Glass Condensate (CGC) in the initial state [14, 15] .
As in Pb-Pb collisions, the presence of a hydrodynamic phase in high-multiplicity p-Pb collisions is expected to lead to a factor of 1.5-2 larger freeze-out radii than in pp collisions at similar multiplicity [16] . In contrast, a CGC initial state model (IP-Glasma), without a hydrodynamic phase, predicts similar freeze-out radii in p-Pb and pp collisions [17] . A measurement of the freeze-out radii in the two systems will thus lead to additional experimental constraints on the interpretation of the p-Pb data.
The extraction of freeze-out radii can be achieved using identical boson correlations at low relative momentum, which are dominated by quantum statistics (QS) and final-state Coulomb and strong interactions (FSIs). Both FSIs and QS correlations encode information about the femtoscopic space-time structure of the particle emitting source at kinetic freeze-out [18] [19] [20] . The calculation of FSI correlations allows for the isolation of QS correlations. Typically, two-pion QS correlations are used to extract the characteristic radius of the source [21-27]. However, higher-order QS correlations can be used as well [28] [29] [30] [31] [32] . The novel features of higher-order QS correlations are extracted using the cumulant for which all lower order correlations are removed [33, 34] . The maximum of the three-pion cumulant QS correlation is a factor of two larger than for two-pion QS correlations [33] [34] [35] [36] . In addition to the increased signal, three-pion cumulants also remove contributions from two-particle background correlations unrelated to QS (e.g. from mini-jets [24, 26] ). The combined effect of an increased signal and decreased background is advantageous in low multiplicity systems where a substantial background exists.
In this letter, we present measurements of freeze-out radii extracted using three-pion cumulant QS correlations. The invariant radii are extracted in intervals of multiplicity and triplet momentum in pp ( √ s = 7 TeV), p-Pb ( √ s NN = 5.02 TeV) and Pb-Pb ( √ s NN = 2.76 TeV) which allows for a comparison of the various systems. The radii extracted from three-pion cumulants are also compared to those from two-pion correlations.
The letter is organized into 5 remaining sections: Section 2 explains the experimental setup and event selection. Section 3 describes the identification of pions, as well as the measurement of the event multiplicity. Section 4 explains the three-pion cumulant analysis technique used to extract the source radii. Section 5 presents the measured source radii. Finally, Section 6 summarizes the results reported in the letter.
Experimental setup and event selection
Data from pp, p-Pb and Pb-Pb collisions at the LHC recorded with ALICE [37] are analyzed. The data for pp collisions were taken during the 2010 pp run at √ s = 7 TeV, for p-Pb collisions during the 2013 run at √ s NN = 5.02 TeV, and for Pb-Pb during the 2010 and 2011 runs at √ s NN = 2.76 TeV. For p-Pb, the proton beam energy was 4 TeV while for the lead beam it was 1.58 TeV per nucleon. Thus, the nucleon-nucleon center-of-mass system moved with respect to the ALICE laboratory system with a rapidity of −0.465, i.e. in the direction of the proton beam.
The pseudorapidity in the laboratory system is denoted with η throughout this letter, which for the pp and Pb-Pb systems coincides with the pseudorapidity in the center-of-mass system. The trigger conditions are slightly different for each of the three collision systems. For pp collisions, the VZERO detectors [38] located in the forward and backward regions of the detector, as well as the Silicon Pixel Detector (SPD) at mid-rapidity are used to form a minimum-bias trigger by requiring at least one hit in the SPD or either of the VZERO detectors [39] . For Pb-Pb and p-Pb collisions, the trigger is formed by requiring simultaneous hits in both VZERO detectors. In addition, high-multiplicity triggers in pp and p-Pb collisions based on the SPD are used. Two additional triggers in Pb-Pb are used based on the VZERO signal amplitude which enhanced the statistics for central and semi-central collisions [38] . Approximately 164, 115, and 52 million events are used for pp, p-Pb, and Pb-Pb collisions, respectively. For pp and p-Pb, the high multiplicity triggers account for less than 3% of the collected events. For Pb-Pb, the central and semi-central triggers account for about 40% and 52% of the collected events, respectively.
The Inner Tracking System (ITS) and Time Projection Chamber (TPC) located at mid-rapidity are used for particle tracking [40] . The ITS consists of 6 layers of silicon detectors: silicon pixel (layers 1,2), silicon drift (layers 3,4), and silicon strip (layers 5,6) detectors. The ITS provides high spatial resolution of the primary vertex. The TPC alone is used for momentum and charge determination of particles via their curvature in the 0.5 T longitudinal magnetic field, since cluster sharing within the ITS causes a small momentum bias for particle pairs at low relative momentum.
The TPC additionally provides particle identification capabilities through the specific ionization energy loss (dE/dx). The Time Of Flight (TOF) detector is also used to select particles at higher momenta. To ensure uniform tracking, the z-coordinate (beam-axis) of the primary vertex is required to be within a distance of 10 cm from the detector center. Events with less than three reconstructed charged pions are rejected, which removes about 25% and 10% of the low-multiplicity events in pp and p-Pb, respectively.
Track selection and multiplicity intervals
Tracks with total momentum less than 1.0 GeV/c are used to ensure good particle identification. We also require transverse momentum p T > 0.16 GeV/c, and pseudorapidity |η| < 0.8. To ensure good momentum resolution a minimum of 70 tracking points in the TPC are required. Charged pions are selected if they are within 2 standard deviations (σ ) of the expected pion dE/dx value [41] . For momenta greater than 0.6 GeV/c, high purity is maintained with TOF by selecting particles within 2σ of the expected pion time-of-flight. Additionally, tracks which are within 2σ of the expected kaon or proton dE/dx or time-of-flight values are rejected. The effects of track merging and splitting are minimized based on the spatial separation of tracks in the TPC as described in [42] . For three-pion correlations the pair cuts are applied to each of the three pairs in the triplet. Similar as in [10] , the analysis is performed in intervals of multiplicity which are defined by the reconstructed number of charged pions, N rec pions , in the above-mentioned kinematic range. For each multiplicity interval, the corresponding mean acceptance and efficiency corrected value of the total charged-pion multiplicity, N pions , and the total charged-particle multiplicity, N ch , are determined using detector simulations with PYTHIA [43] , DPMJET [44] , and 
2.6% 1590 1830 ------ Table 1 : Multiplicity intervals as determined by the reconstructed number of charged pions, N rec pions , with all of the track selection cuts (p < 1.0 GeV/c, p T > 0.16 GeV/c, |η| < 0.8). N pions stands for the acceptance corrected average number of charged pions, and N ch for corresponding acceptance corrected number of charged particles in the same kinematic range. The uncertainties on N ch are about 5%. The RMS width of the N ch distribution in each interval ranges from 10% to 35% for the highest and lowest multiplicity intervals, respectively. The average centrality for Pb-Pb in percentiles, as well as the fractional cross-sections of the multiplicity intervals for p-Pb and pp are also given. The RMS widths for the centralities range from about 2 to 4 percentiles for central and peripheral collisions, respectively.
HIJING [45] event generators. The systematic uncertainty of N ch and N pions is determined by comparing PYTHIA to PHOJET (pp) [46] , DPMJET to HIJING (p-Pb), and HIJING to AMPT (Pb-Pb) [47] , and amounts to about 5%. The multiplicity intervals, N pions , N ch , as well as the average centrality in Pb-Pb and fractional cross sections in pp and p-Pb are given in Table 1 . The collision centrality in Pb-Pb is determined using the charged-particle multiplicity in the VZERO detectors [38] . As mentioned above, the center-of-mass reference frame for p-Pb collisions does not coincide with the laboratory frame, where N ch is measured. However, from studies using DPMJET and HIJING at the generator level, the difference to N ch measured in the center-of-mass is expected to be smaller than 3%.
Analysis technique
To extract the source radii, one can measure two-and three-particle correlation functions as in Ref [42] . The two-particle correlation function
is constructed using the momenta p i , and is defined as the ratio of the inclusive two-particle spectrum over the product of the inclusive single-particle spectra. Both are projected onto
The numerator of the correlation function is formed by all pairs of particles from the same event. The denominator is formed by taking one particle from one event and the second particle from another event within the same multiplicity interval. The normalization factor, α 2 , is determined such that the correlation function equals unity in a certain interval of relative momentum q. The location of the interval is sufficiently above the dominant region of QS+FSI correlations and sufficiently narrow to avoid the influence of nonfemtoscopic correlations at large relative momentum. As the width of QS+FSI correlations is different in all three collision systems, our choice for the normalization interval depends on the multiplicity interval. For Pb-Pb, the normalization intervals are 0.15 < q < 0.175 GeV/c for N rec pions ≥ 400 and 0.3 < q < 0.35 GeV/c for N rec pions < 400. For pp and p-Pb the normalization interval is 1.0 < q < 1.2 GeV/c.
Following [48, 49] , the two-particle QS distributions, N QS 2 , and correlations, C QS 2 , are extracted from the measured distributions in intervals of k T assuming
The parameter f 2 c characterizes the combined dilution effect of weak decays and long-lived resonance decays in the "core/halo" picture [50, 51] . In Pb-Pb, it was estimated to be 0.7 ± 0.05 with mixed-charge two-pion correlations [42] . The same procedure performed in pp and pPb data results in compatible values. The FSI correlation is given by K 2 (q), which includes Coulomb and strong interactions. For low multiplicities (N rec pions < 150), K 2 (q) is calculated iteratively using the Fourier transform of the FSI corrected correlation functions. For higher multiplicities (N rec pions ≥ 150), K 2 (q) is calculated as in Ref. [42] using the THERMINATOR2 model [52, 53] . B(q) represents the non-femtoscopic background correlation, and is taken from PYTHIA and DPMJET for pp and p-Pb, respectively [24, 26] . It is set equal to unity for Pb-Pb, where no significant background is expected. In Eq. 2, N is the residual normalization of the fit which typically differs from unity by 0.01.
The same-charge two-pion QS correlation can be parametrized by an exponential
as well as by a Gaussian or Edgeworth expansion
where E w (R inv q) characterizes deviations from Gaussian behavior, H n are the Hermite polynomials, and κ n are the Edgeworth coefficients [54] . The first two relevant Edgeworth coefficients (κ 3 , κ 4 ) are found to be sufficient to describe the non-Gaussian features at low relative momentum. The Gaussian functional form is obtained with E w = 1 (κ n = 0) in Eq. 4. The parameter λ characterizes an apparent suppression from an incorrectly assumed functional form of C QS 2 and the suppression due to possible pion coherence [55] . The parameter R inv is the characteristic radius from two-particle correlations evaluated in the pair-rest frame. The effective intercept parameter for the Edgeworth fit is given by λ e = λ E 2 w (0) [54] . The effective intercept can be below the chaotic limit of 1.0 for partially coherent emission [36, 42, 55] . The extracted effective intercept parameter is found to strongly depend on the assumed functional form of C QS 2 . The three-particle correlation function
is defined as the ratio of the inclusive three-particle spectrum over the product of the inclusive single-particle spectra. In analogy to the two-pion case, it is projected onto the Lorentz invariant Q 3 = q 2 12 + q 2 31 + q 2 23 and the average pion transverse momentum
The numerator of C 3 is formed by taking three particles from the same event. The denominator is formed by taking each of the three particles from different events. The normalization factor, α 3 , is determined such that the correlation function equals unity in the interval of Q 3 where each pair q i j lies in the same interval given before for two-pion correlations.
The extraction of the full three-pion QS distribution, N QS 3 , in intervals of K T,3 is done as in Ref [42] by measuring
where the fractions
16, and f 3 = f 3 c = 0.59 using f 2 c = 0.7 as in the two-pion case. The term N 2 (p i , p j ) N 1 (p k ) is formed by taking two particles from the same event and the third particle from a mixed event. All three-particle distributions are normalized to each other in the same way as for α 3 . K 3 (q 12 , q 31 , q 23 ) denotes the three-pion FSI correlation, which in the generalized Riverside (GRS) approach [42, 56, 57] is approximated by K 2 (q 12 ) K 2 (q 31 ) K 2 (q 23 ). It was found to describe the π ± π ± π ∓ three-body FSI correlation to the few percent level [42] . From Eq. 7 one can extract N QS 3 and construct the three-pion QS cumulant correlation
where
. In Eq. 8, all two-pion QS correlations are explicitly subtracted [34] . The QS cumulant in this form has FSIs removed before its construction. N 3 is the residual normalization of the fit which typically differs from unity by 0.02.
The three-pion same-charge cumulant correlations are then projected onto 3D pair relative momenta and fit with an exponential
as well as a Gaussian and an Edgeworth expansion [54] c 3 (q 12 , q 31 , R inv,3 and λ 3 are the invariant radius and intercept parameters extracted from three-pion cumulant correlations, respectively. The effective intercept parameter for the Edgeworth fit is λ e,3 = λ 3 E 3 w (0). For an exact functional form of c 3 , λ e,3 reaches a maximum of 2.0 for fully chaotic pion emission. Deviations below and above 2.0 can further be caused by incorrect representations of c 3 , e.g. Gaussian. Equation 10 neglects the effect of the three-pion phase [33] which was found to be consistent with zero for Pb-Pb central and mid-central collisions [42] . We note that the extracted radii from two-and three-pion correlations need not exactly agree, e.g. in the case of coherent emission [58] .
The measured correlation functions need to be corrected for finite track momentum resolution of the TPC which causes a slight broadening of the correlation functions and leads to a slight decrease of the extracted radii. PYTHIA (pp), DPMJET (p-Pb) and HIJING (Pb-Pb) simulations are used to estimate the effect on the fit parameters. After the correction, both fit parameters increase by about 2% (5%) for the lowest (highest) multiplicity interval. The relative systematic uncertainty of this correction is conservatively taken to be 1%. The pion purity is estimated to be about 96%. Muons are found to be the dominant source of contamination, for which we apply corrections to the correlation functions as described in Ref. [42] . The correction typically increases the radius (intercept) fit parameters by less than 1% (5%). The corresponding systematic uncertainty is included in the comparison of the mixed-charged correlation with unity (see below).
Results
The absence of two-particle correlations in the three-pion cumulant can be demonstrated via the removal of known two-body effects such as the decay of K 0 s into a π + + π − pair (Fig. 1) . The mixed-charge three-pion correlation function (C ±±∓ 3 ) projected onto the invariant relative momentum of one of the mixed-charge pairs in the triplet exhibits the K 0 s peak as expected around q ±∓ = 0.4 GeV/c, while it is removed in the cumulant.
In Fig. 2 we present three-pion correlation functions for same-charge (top panels) and mixedcharge (bottom panels) triplets in pp, p-Pb, and Pb-Pb collision systems in three sample multiplicity intervals. For same-charge triplets, the three-pion cumulant QS correlation (c ) is consistent with unity, as expected when FSIs are removed. Gaussian, Edgeworth, and exponential fits are performed in three dimensions (q 12 , q 31 , q 23 ). Concerning Edgeworth fits, different values of the κ coefficients correspond to different spatial freeze-out profiles. In order to make a meaningful comparison of the characteristic radii across all multiplicity intervals and collision systems, we fix κ 3 = 0.1 and κ 4 = 0.5. The values are determined from the average of free fits to c ±±± 3 for all multiplicity intervals, K T,3 intervals and systems. The RMS of both κ 3 and κ 4 distributions is 0.1. The chosen κ coefficients produce a sharper correlation function which corresponds to larger tails in the source distribution. Also shown in Fig. 2 are model calculations of c 3 in PYTHIA (pp), DPMJET (p-Pb) and HIJING (Pb-Pb), which do not contain QS+FSI correlations and demonstrate that three-pion cumulants, in contrast to two-pion correlations [24, 26], do not contain a significant non-femtoscopic background, even for low multiplicities.
The systematic uncertainties on C 3 are conservatively estimated to be 1% by comparing π + to π − correlation functions and by tightening the track merging and splitting cuts. The systematic uncertainty on c unity. The residual correlation leads to a 4% uncertainty on λ e,3 while having a negligible effect on R inv,3 . The uncertainty on f c leads to an additional 10% uncertainty on c 3 − 1 and λ e,3 . We also investigated the effect of setting f c = 1 and thus f 1 = 0, f 2 = 0, f 3 = 1.0 in Eq. 7 and found a negligible effect on R inv,3 , while significantly reducing λ e,3 as expected when the dilution is not adequately taken into account. We also show the fit parameters extracted from two-pion correlations in order to compare to those extracted from three-pion cumulants. For Pb-Pb, the Gaussian radii extracted from three-pion correlations are about 10% smaller than those extracted from twopion correlations, which may be due to the non-Gaussian features of the correlation function. A clear suppression below the chaotic limit is observed for the effective intercept parameters in all multiplicity intervals. The suppression may be caused by non-Gaussian features of the correlation function and also by a finite coherent component of pion emission [36, 42, 55] . The systematic uncertainties on the fit parameters are dominated by fit-range variations, especially in the case of Gaussian fits to non-Gaussian correlation functions. The chosen fit range for c 3 varies smoothly between Q 3 = 0.5 and 0.1 GeV/c from the lowest multiplicity pp to the highest multiplicity Pb-Pb intervals. For C 2 , the fit ranges are chosen to be √ 2 times narrower. The characteristic width of Gaussian three-pion cumulant QS correlations projected against Q 3 is a factor of √ 2 times that of Gaussian two-pion QS correlations projected against q [35, 36] . As a variation we change the upper bound of the fit range by ±30% for three-pion correlations and two-pion correlations in Pb-Pb for N rec pions > 50. For N rec pions < 50, in Pb-Pb, the upper limit of the fit range is increased to match that in p-Pb (i.e. 0.13 to 0.27 GeV/c). For pp and p-Pb, owing to the larger background present for two-pion correlations, we extend the fit range to q = 1.2 GeV/c for the upper variation. The non-femtoscopic background in Eq. 2 has a non-negligible effect on the extracted radii in the extended fit range. The resulting systematic uncertainties are fully correlated for three-pion fit parameters for each collision system, since the fit-range variations have the same effect in each multiplicity interval. The systematic uncertainties for the two-pion fit parameters are largely correlated and are asymmetric due to the different fit-range variations. We note that the radii in pp collisions at √ s = 7 TeV from our previous two-pion measurement [26] are about 25% smaller than the central values extracted in this analysis although compatible within systematic uncertainties. The large difference is attributed to the narrower fit range in this analysis. In [24, 26] the chosen Gaussian fit range was q < 1.4 GeV/c, while here it is q < 0.35 GeV/c for the lowest multiplicity interval. The narrower fit range is chosen based on observations made with three-pion cumulants for which two-pion background correlations are removed. It is observed in Fig. 2 that even for low multiplicities, the dominant QS correlation is well below Q 3 = 0.5 GeV/c. The presence of the non-femtoscopic backgrounds can also bias the radii from two-pion correlations in wide fit ranges and is suppressed with three-pion cumulant correlations.
To further address the non-Gaussian features of the correlation functions, we also extract the fit parameters from an Edgeworth and exponential parametrization as shown in Figs. 4 and 5. We observe that the Edgeworth and exponential radii are significantly larger than the Gaussian radii. However, they should not be directly compared as they correspond to different source profiles. Gaussian radii correspond to the standard deviation of a Gaussian source profile whereas exponential radii correspond to the FWHM of a Cauchy source. The Edgeworth radii are model independent and are defined as the 2 nd cumulant of the measured correlation function. Note that the exponential radii have been scaled down by √ π as is often done to compare Gaussian and exponential radii [23] . Compared to the Gaussian radii, the two-and three-pion radii are in much better agreement for the Edgeworth and exponential fits. This suggests that the discrepancy between two-and three-pion Gaussian radii are indeed caused by non-Gaussian features of the correlation function. Concerning the effective intercepts, we observe a substantial increase as compared to the Gaussian case.
The qualities of the Gaussian, Edgeworth, and exponential fits for three-pion cumulant correlations vary depending on the multiplicity interval. The χ 2 /NDF for the 3D three-pion Gaussian, Edgeworth, and exponential fits in the highest multiplicity Pb-Pb interval is 8600/1436, 4450/1436, and 4030/1436, respectively. The χ 2 /NDF decreases significantly for lower multiplicity intervals to about 4170/7785 for peripheral Pb-Pb and 12400/17305 for pp and p-Pb multiplicity intervals, for all fit types. The Edgeworth χ 2 /NDF is a few percent smaller than for Gaussian fits in low multiplicity intervals. The exponential χ 2 /NDF is a few percent smaller than for Edgeworth fits in low multiplicity intervals.
Due to the asymmetry of the p-Pb colliding system, the extracted fit parameters in −0.8 < η < −0.4 and 0.4 < η < 0.8 pseudorapidity intervals are compared. The radii and the effective intercept parameters in both intervals are consistent within statistical uncertainties.
The extracted radii in each multiplicity interval and system correspond to different N ch values.
To compare the radii in pp and p-Pb at the same N ch value, we perform a linear fit to the pp three-pion Edgeworth radii as a function of N ch 1/3 . We then compare the extracted p-Pb three-pion Edgeworth radii to the value of the pp fit evaluated at the same N ch . We find that the Edgeworth radii in p-Pb are on average 10 ± 5% larger than for pp in the region of overlapping multiplicity. The comparison of Pb-Pb to p-Pb radii is done similarly where the fit is performed to p-Pb data and compared to the two-pion Pb-Pb Edgeworth radii. The Edgeworth radii in Pb-Pb are found to be on average 45 ± 10% larger than for p-Pb in the region of overlapping multiplicity. The ratio comparison as it is done exploits the cancellation of the largely correlated systematic uncertainties.
To be independent of the assumed functional form for c 3 , the same-charge three-pion cumulant correlation functions are directly compared between two collision systems at similar multiplic-ity. Fig. 6(a) shows that while the three-pion correlation functions in pp and p-Pb collisions are different, their characteristic widths are similar. It is therefore the λ e,3 values which differ the most between the two systems. Fig. 6(b) shows that the correlation functions in p-Pb and Pb-Pb collisions are generally quite different.
Summary
Three-pion correlations of same-and mixed-charge pions have been presented for pp ( √ s = 7 TeV), p-Pb ( √ s NN = 5.02 TeV) and Pb-Pb ( √ s NN = 2.76 TeV) collisions at the LHC, measured with ALICE. Freeze-out radii using Gaussian, Edgeworth, and exponential fits have been extracted from the three-pion cumulant QS correlation and presented in intervals of multiplicity and triplet momentum. Compared to the radii from two-pion correlations, the radii from threepion cumulant correlations are less susceptible to non-femtoscopic background correlations due to the increased QS signal and the removal of two-pion backgrounds.
The deviation of Gaussian fits below the observed correlations at low Q 3 clearly demonstrates the importance of non-Gaussian features of the correlation functions. The effective intercept parameters from Gaussian (exponential) fits are significantly below (above) the chaotic limits, while the corresponding Edgeworth effective intercepts are much closer to the chaotic limit.
At similar multiplicity, the invariant radii extracted from Edgeworth fits in p-Pb collisions are found to be 5-15% larger than those in pp, while those in Pb-Pb are 35-55% larger than those in p-Pb. Hence, models which incorporate substantially stronger collective expansion in p-Pb than pp collisions at similar multiplicity are disfavored. The comparability of the extracted radii in pp and p-Pb collisions at similar multiplicity is consistent with expectations from CGC initial conditions (IP-Glasma) without a hydrodynamic phase [17] . The smaller radii in p-Pb as compared to Pb-Pb collisions may demonstrate the importance of different initial conditions on the final-state, or indicate significant collective expansion already in peripheral Pb-Pb collisions.
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